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SUMMARY 
12 S 
The decay scheme of Sb has been extensively investigated with 
12S 
results in good agreement for the low-lying states of the daughter Te 
The spin of the ground state and first two excited states has been es­
tablished along with the multipolarity of the connecting gamma transitions. 
The spin of the third excited state, 0.321 MeV above the ground state, has 
been restricted to be either 9/2 or ll / 2 . The 0.321 MeV state is populated 
by a first-forbidden beta transition of end-point energy 0.^37 MeV in the 
125 
decay of Sb . The state is depopulated by a O . 176 MeV gamma transition 
found to be a mixture of Ml and E2 radiations. The mixing ratio is not 
known. The present research centered on the measurement of the direc­
tional correlation of the 0.^37 MeV beta group and the O . 176 MeV gamma 
ray for the purpose of determining the spin of the 0.321 MeV state in 
125 
Te . The experimental data were further used to analyze the relative 
magnitudes of the nuclear matrix elements of the beta decay interaction 
Hamiltonian operative for the first-forbidden 0.437 MeV beta transition. 
The experimental setup consisted of a fixed beta detector and a 
gamma detector moveable about the radioactive source so that the angle 
between the trajectories of the beta and gamma radiations was variable 
from 90 degrees to 270 degrees. A 1 .5 inch diameter by one inch thick 
sodium iodide (thallium activated) scintillation crystal was used for 
gamma detection, and a 1 .5 inch diameter by two millimeter thick anthra­
cene scintillation crystal was used for beta detection. The two detectors 
fed into single channel pulse height analyzers and a fast-slow coincidence 
viii 
circuit set for a resolving time of about 55 nanoseconds. 
The initial coincidence studies revealed a highly asymmetric gamma-
gamma coincidence background due to Compton scattering of gamma rays from 
several intense gamma transitions of energy about 0.600 MeV in the decay 
125 
of Sb . A Compton event in one detector followed by detection of the 
scattered gamma ray in the other detector produced absorbed energies in 
the range of the beta-gamma transition energies under investigation. This 
gamma-gamma background was eliminated by greatly increasing the source-to-
detector distance for the beta rays, thereby decreasing the gamma ray in­
tensity at the beta detector by the inverse-square-law effect. A pair of 
quadrupole magnets was used to focus the beta rays. Extensive investiga­
tion of the behavior of the magnetic quadrupole lens led to the adoption 
of an object distance of four centimeters and an image distance of 25.6 
centimeters, measured from the respective faces of the lens. The total 
distance from the source to the beta detector was 60 centimeters. The ef­
fective source-to-detector distance was found to be about 23 centimeters 
by comparing the counting rate with that for a simple geometry. The fo­
cusing currents required in the two quadrupole magnets were determined by 
maximizing the counting rate for several monoenergetic electron sources. 
Calibration plots of focusing current versus electron energy were obtained 
137 113 
using the conversion lines of Cs and Sn and the L conversion line 
203 
of Hg . The focusing currents were such that the magnetic field at the 
pole faces was in the range 80 to 200 gauss. 
The directional correlation of the allowed 0.295 MeV beta group and 
12S 
the 0.427 MeV gamma ray, in the decay of Sb , was measured as a final 
check of instrumental asymmetries. The correlation was found to be iso-
ix 
tropic. The directional correlation of the 0.437 MeV "beta group and the 
O . I 76 MeV gamma ray was measured at four beta energies in the range 0.255 
to 0.410 MeV. The correlation is conventionally expressed as 
N(0) = 1 + A 2P 2(cos 6 ) . 
The calculated coefficients, corresponding to the weighted average of 
several measurements at each beta energy, were as follows: 
Beta Energy A 2 Coefficient Probable Error 
0.255 MeV 0.100 0.009 
0.305 MeV 0.132 0.009 
0.355 MeV 0.185 0.008 
0.410 MeV 0 .211 0.011 
The A^ coefficient was found to increase rapidly and monotonically with 
beta energy. 
The 0.437 MeV beta transition involves a nuclear spin change of two 
12*5 
units under the assumption of spin ll/2 for the 0.321 MeV state in Te 
In this case, the theoretical beta energy dependence of the A^ coefficient 
is unambiguously calculable. Disagreement of the calculated energy de­
pendence with experimental results led to the conclusion that the spin of 
the 0.321 MeV state is 9 / 2 . 
The theoretical A Q coefficient may be formulated in terms of the 
X 
gamma multipole mixing ratio 6 and three parameters T, x, and u, represent­
ing ratios of the several operative nuclear matrix elements. The ratio of 
the theoretical coefficients at two different "beta energies is independ­
ent of 6. Using the ratio of the experimental A^ coefficients at two dif­
ferent "beta energies and a range of independent variables T and x, a 
fourth-order equation in the parameter u was solved "by use of a digital 
computer. Using the experimental A^ coefficient at one "beta energy and a 
set of values T, x, and u, a quadratic equation in the mixing ratio 6 was 
solved. The parameters x and u were "bounded away from zero in all solu­
tions consistent with the experimental energy dependence of the A^ coeffi­
cient. The parameter T exhibited a forbidden range from about 0 .6 to 1 . 6 . 
It has been estimated in the literature that conventional beta decay 
theory should give a value for T about 0 .9^ for this beta transition while 
the conserved vector current theory should give a value about 2 . 3^ . Every 
pair of solutions for the gamma multipole mixing ratio 5 contained one 
value indicating a predominantly Ml transition and the other value indi­
cating a predominantly E2 transition. 
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CHAPTER I 
INTRODUCTION 
The Role of Directional Correlation Studies 
The direction of emission of a nuclear radiation relative to a 
laboratory coordinate system depends in general on the orientation of 
the nuclear spin relative to that coordinate system (l). The radiations 
from a large population of radioactive nuclei will generally be isotropic 
in direction due to random orientations of the nuclear spins. However, 
the observation of nuclear radiations in a fixed spatial direction se­
lects a subpopulation of radioactive nuclei having their nuclear spins 
preferentially oriented with respect to the direction of the observed 
radiations. Then the direction of emission of a second radiation, in 
immediate succession to the first radiation, will show a correlation 
with the direction of emission of the first radiation. That is, the 
probability of emission of the two successive radiations depends in 
general on the angle between the two directions of emission. This direc­
tional correlation phenomenon is included in the term angular correlation 
which may indicate the observation of the linear or circular polarization 
of either of the radiations in addition to the two directions of emission. 
The first theoretical investigation of the angular correlation 
between two successively emitted gamma rays was published by Hamilton in 
19^0 ( 2 ) . The early efforts to verify experimentally the predictions of 
Hamilton's theory were unsuccessful due to inadequate equipment and tech-
2 
nique. The first successful angular correlation measurements were performed 
by Brady and Deutsch in 19^7 using Geiger counters for radiation detec­
tion (3)« During the next three years these researchers began using scin­
tillation counters which gave great improvement in counting efficiency, 
counting speed, and energy sensitivity. Frauenfelder gave a review in 1953 
of these early angular correlation experiments and an elementary formula­
tion of the theory ( 4 ) . In the same year, Biedenharn and Rose published a 
complete theory of the angular correlations of nuclear radiations ( 5 ) . 
Before the original work in angular correlation theory, considerable 
work had been done toward formulating the theory of the beta decay inter­
action. In 1 9 ^ 1 , Konopinski and Uhlenbeck published a review of the theory 
of forbidden beta transitions that established a standard for the formal­
ism ( 6 ) . Interest in beta-gamma angular correlation studies was greatly 
stimulated by the prediction (7) and experimental verification (8) of non-
conservation of parity in the beta decay interaction. Subsequent to this 
discovery, reviews of the theory of the beta-decay interaction were pub­
lished by Konopinski (9) ; for allowed transitions, and by Weidenmuller (10) , 
for forbidden transitions. A recqnt textbook treatment of the theory has 
been given by Preston (ll). The theory of beta-gamma angular correlations 
is greatly complicated by contributions from various nuclear matrix ele­
ments of the Hamiltonian which describes the beta decay interaction. Only 
recently has the theory been put into forms which may easily be compared 
with experimental results. Kotani and Ross (12) and Kotani (13) have 
given formulas for first-forbidden beta-gamma angular correlations using 
an approximation established by Konopinski and Uhlenbeck ( 6 ) . In this ap­
proximation, the finite size of the nuclear charge distribution is neglected. 
3 
The electron wave function is evaluated at the nuclear surface and taken 
outside the matrix element integral over the nuclear volume. The electron 
wave function is then expanded in terms of the nuclear radius, neglecting 
terms of order (aZ) 2, where QL is the fine structure constant and Z is the 
atomic number. Newsome and Fischbeck have shown that this approximation 
is not always satisfactory (l4). Bhalla and Rose have made exact numeri­
cal calculations of the electron wave function, evaluated at the nuclear 
surface, for a wide range of atomic number and electron energy (15) 
These calculations include the effect of finite nuclear size. These exact 
electron functions are used explicitly in the formulas of Morita and Mo-
rita for the beta-gamma angular correlation (17 )• The salient features of 
the theory used to analyze the beta and gamma transitions are outlined in 
Appendix B. 
In general, the beta-gamma angular correlation may be theoretically 
formulated as the sum of a finite series of Legendre polynomials (l) ( 17 ) • 
The coefficients of the Legendre polynomials depend on the various ob-
servables, such as energy and angular momentum, of the nuclear states in­
volved in the transitions and of the emitted radiations. Furthermore, the 
coefficients depend on the nuclear matrix elements of various terms in the 
Hamiltonian which describes the beta decay interaction. If some of the 
observables are known from other independent measurements, then a com­
parison of angular correlation theory and experiment may serve to deter­
mine the remaining unknown observables. This comparison of theory and ex­
periment may also indicate the relative magnitudes of the various nuclear-
matrix elements. Thus angular correlation studies serve as a basic tool 
of the nuclear physicist for gaining insight into nuclear structure and 
nuclear interactions. This information is used in turn to evaluate the 
effectiveness of various nuclear models in the continuing search for a 
comprehensive theory of the behavior of the atomic nucleus. 
The S b 1 2 ^ Problem 
12S 7 
The ground state of Sb is predicted to be a + state by the 
single-particle model for one proton outside a closed shell of 50 pro­
tons ( l 8 ) . This spin assignment is compatible with the measurements cf 
12S 
Burson (19) and Arya and Nicholson (20) on the decay scheme of Sn . The 
12S 
decay scheme of Sb has been studied by several researchers (2l) (22) 
(23) (24) (25) with results in good agreement for the low-lying excited 
125 
states of Te . This decay scheme is given in Figure 1 (26) . The ground 
12S 
state spin of Te has been established as -g- from measurements of the 
125 
hyperfine structure in the spectrum of singly-ionized Te (27)« 
Measurements of conversion coefficients and conversion ratios for 
125 
various gamma transitions in the decay of Sb have determined the multi-
polarity of some of these gamma rays and thereby the spin and parity of 
12S 
some of the excited states in Te (25) (28) . The conservation of angu­
lar momentum between the initial and final nuclear states and the gamma 
ray establishes a triangle inequality between the respective angular mo­
mentum quantum numbers (29) . |<J\ - J^j ^ L g J\ + J^> where L is the 
angular momentum quantum number of the gamma multipole of order L connect­
ing the initial and final nuclear states. The angular momentum quantum 
number J is referred to as the spin of a nuclear state. The gamma multi-
pole also establishes a definite relationship between the parities of the 
initial and final nuclear states (29) . The ratio of these parities equals 
7/2 + 
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Figure 1 • Decay Scheme of 
6 
( -1 ) ' ^ for electric multipole radiation of order L, denoted as EL. The sign 
is opposite for magnetic multipole radiation of the same order, denoted as 
ML. 
The 0.0353 MeV gamma transition has been found to be Ml radiation (25) 
(28) . Conservation of angular momentum and parity permit the 0.0353 MeV ex-
12S 
cited state in Te to have a spin of either l/2 or 3/2 and the same parity 
125 
as the ground state. The 0.0353 MeV state in Te is reached by an elec-
125 
tron capture transition from the 5/2+ ground state of I . A 1°S-^q f t value 
of 4.9 identifies this transition as allowed, with the spin change selec­
tion rule A J = 0 or ± 1 . Therefore, the spin of the 0.0353 MeV state in 
T e 1 2 5 must be 3 /2 . 
The O .IO96 MeV gamma transition has been found to be M4 radiation (25). 
125 
The 0.1^5 MeV state in Te must have a spin of 11. /2 and parity opposite 
to that of the ground state. A lower spin assignment would give high prob­
ability for deexcitation by a gamma multipole of order three with conversion 
125 
ratios much different from those observed. The 0.145 MeV state in Te 
is a 58 clay isomeric state. 
Narcisi has interpreted his data to require that the O . I76 MeV gamma 
transition be a mixture of Ml and E2 radiations ( 25 ) . The presence of Ml 
radiation limits the spin of the 0.321 MeV state in Te to values 1 3 / 2 , 
ll /2, or 9 /2 . The 0.321 MeV state has the same parity as the 0.145 MeV 
state. The log 1 0 ft value of the 0.437 MeV beta group which feeds the 0.321 
MeV state is 9«3« This log^Q f t value indicates a first-forbidden beta 
transition having the spin change selection rule A J = 0, ± 1 , or ± 2 and 
125 
giving a change in parity. Since the Sb ground state is 7/2+, the 
125 
0.321 MeV state in Te must be either 9/2 - or ll /2 -. Narcisi has 
7 
chosen the assignment 9/2 - to achieve internal consistency in his decay 
scheme. On the other hand, the measurements of Inamura, et aL, indicated 
the ll/2 - assignment (30 ) . 
For the O . 176 MeV gamma transition, Narcisi measured a K conversion 
coefficient of O . I56 and a K to L conversion ratio greater than 5»45 ( 2 5 ) . 
The conversion coefficient tables of Rose give a K conversion coefficient 
of 0 . l8 and a K to L conversion ratio of 4 .72 for a pure E2 gamma transi­
tion of energy O . 176 MeV ( 3 l )» Consideration of the magnitude of error 
commonly encountered in conversion coefficient measurements and allowance 
for some margin of error due to approximations made in the theoretical cal­
culations indicate that a pure E2 multipole assignment for the O.I76 MeV 
gamma ray cannot be ruled out. If this transition is pure E2, then the 
spin of the 0.321 MeV state in Te can be 7/2j in which case, the absence 
of any spin change in the 0.437 MeV beta transition greatly complicates the 
theoretical analysis of this transition. 
The purpose of the present research is to measure the beta-gamma 
125 
directional correlation for the 0.437 MeV beta group, in the decay of Sb 
in coincidence with the O . 176 MeV gamma ray in hope of determining the 
125 
spin of the 0-321 MeV level in Te and establishing some limitations on 
the relative magnitudes of the nuclear matrix elements of the beta decay 
interaction Hamiltonian. 
Preliminary Studies 
The first efforts to measure the beta-gamma directional correlation 
for the 0.437 MeV beta group in coincidence with the O . 176 MeV gamma ray 
revealed a highly asymmetric gamma-gamma coincidence background due to 
8 
Compton scattering of gamma rays from the several intense gamma transitions 
at about 0.600 MeV. A Compton event in one radiation detector followed by 
detection of the scattered gamma ray in the other radiation detector pro­
duced absorbed energies in the range of the beta-gamma transition energies 
under investigation. No shielding technique was found to be adequate to 
eliminate this effect when the radiation detectors were set to detect beta 
rays and gamma rays emitted at a relative angle of l80 degrees. It was 
decided to try increasing greatly the source-to-detector distance for the 
beta rays, thereby decreasing the gamma ray intensity at the beta detector 
by the inverse-square-law effect. At the same time, a means was sought to 
maintain the beta ray intensity at the beta detector by magnetically focus­
ing the beta rays. A pair of magnetic quadrupoles was chosen for this 
purpose. 
9 
CHAPTER II 
EXPERIMENTAL APPARATUS 
The lens used to focus the beta rays was a pair of magnetic quad­
rupoles, Model 1005, manufactured by Spectromagnetic Industries. The 
aperture between magnetic pole faces was 2.01 inches, and the length of 
the pole faces was four inches. The magnetic field at the pole faces was 
rated by the manufacturer to be 790 gauss for a coil current of eight am­
peres. The magnetization curve supplied by the manufacturer was linear 
from zero to eight amperes. The two quadrupoles were mounted on aluminum 
supports with a separation of seven inches between centers. A schematic 
diagram of the experimental setup is given in Figure 2.T and a photograph 
is given in Figure 3* 
The vacuum chamber was constructed from aluminum stock. The radio­
active source was contained in the cylindrical cup protruding from the 
face of the magnetic quadrupole in the foreground of Figure 3« This cup 
was fitted onto the end of a two inch outer diameter pipe which extended 
through the aperture of the magnetic lens into a housing for the beta 
detector. This housing was a telescoping arrangement to provide fine 
adjustments, set by spacing rings, in the image distance of the lens. 
Various lengths of two inch pipe were cut to provide coarse adjustments 
in object and image distance. All joints were fitted with 0-ring seals. 
The operating pressure in the chamber was about ten microns of mercury. 
Beta 
Detector 
Vacuum 
Chamber 
Figure 2 . Top View Schematic of Experimental Apparatus. 

12 
A 1.5 inch diameter "by one inch thick sodium iodide (thallium 
activated) scintillation crystal was used for gamma detection, and a 1.5 
inch diameter "by two millimeter thick anthracene scintillation crystal 
was used for beta detection. The scintillation crystals were mounted on 
RCA 6655-A photomultiplier tubes fitted into preamplifiers. The gamma 
detector was moveable about the radioactive source so that the angle Q 
between the trajectories of the beta and gamma radiations, as shown in 
Figure 2, was variable from 90 degrees to 270 degrees. The gamma detec­
tor was positioned six centimeters from the source, subtending a geo­
metrical solid angle of 0.29 steradian. The two detectors fed into pulse 
height analyzers and a fast-slow coincidence circuit set for a resolving 
time of about 55 nanoseconds. A block diagram of the electronic equip­
ment is given in Figure k. A Hamner Model N220 scaler was used to count 
triple coincidences. All other electronic equipment was designed and 
built by Dr. E. T. Patronis and Mr. N. S. Kendrick. 
1 3 
Beta 
Detector 
Ampl: -fier 
Gamma 
Detector 
Ampli fier 
Fast 
Coincidence 
Pulse Height 
Analyzer 
Pulse Height 
Analyzer 
Triple 
Coincidence 
Scaler Scaler Scaler 
Figure k* Block Diagram of Electronic Equipment. 
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CHAPTER III 
PROPERTIES OF THE MAGNETIC LENS 
Analysis of Focusing Parameters 
The path of motion of an electron in the field of a magnetic 
quadrupole is easily obtained under certain simplifying conditions (32) 
(33)(3^). The analysis of electron trajectories is outlined in Appen­
dix A. The magnetic field as a function of distance along a line parallel 
to the z axis through the center of the quadrupole is assumed to be a step 
function of constant magnitude over an "effective length" of the quadru­
pole specified by the manufacturer. The x or y displacement of an elec­
tron incident parallel to the z axis is found to be a cosine or hyperbolic 
cosine function of the distance along z in the converging or diverging 
plane, respectively. The linear path of motion of this electron, outside 
the magnetic field, intersects the z axis at the focal length of the mag­
netic lens, leading to expressions for the object and image distances 
relative to the principal planes of the lens. 
Expressions for the object and image distances relative to the ex­
ternal faces of a compound lens, consisting of a pair of magnetic quadru­
poles with reversed polarities, were programmed for the Burroughs B5500 
computer at the Rich Electronic Computer Center in order to examine the 
feasibility of using this lens for the directional correlation measurement. 
The computer calculated the image distances and magnifications in two or­
thogonal planes for a wide range of object distance and magnetic field 
15 
gradient. The magnetic field at the pole face was related to current in 
the coil winding by a magnetization curve supplied by the manufacturer. 
The calculations yielded a small number of combinations of magnetic lens 
parameters resulting in a non-astigmatic focus. In such cases, the ratio 
of the magnification in two orthogonal planes was found to be of the order 
of ten or twenty to one. The calculations were found to be very sensitive 
to slight changes in the focusing parameters. 
Measurement of Focusing Parameters 
137 113 
Monoenergetic conversion electrons from the decay of Cs , Sn , 
203 137 
and Hg were used to study the behavior of the magnetic lens. Cs 
113 
and Sn were obtained as chlorides in hydrochloric acid solution and 
203 
Hg as a nitrate in nitric acid solution from the Oak Ridge National 
Laboratory. Radioactive sources were prepared by evaporating successive 
drops of the solution on a 0.25 mil clear mylar sheet glued over the face 
of a shallow lucite cylinder. The crystalline residue was thinly coated 
with a clear plastic spray. The other face of the lucite cylinder was 
also covered with mylar; so the source was completely encapsulated except 
for a small pump-out hole. The source was electrically grounded through 
an aquadag path. The diameter of various sources prepared ranged from 
two to four millimeters. The 0.624 MeV and O.365 MeV conversion lines • 
137 113 
from the decay of Cs and Sn , respectively, were well resolved. The 
203 
L conversion line of Hg at about 0.264 MeV was poorly resolved, and 
the actual location of this line with reference to the pulse height analyzer 
setting was determined by fitting a gaussian curve to the tail of the elec­
tron energy spectrum. This source was used only in the final energy cali­
bration, Figure 6. 
16 
Magnetizing currents in the two quadrupoles were varied to maximize 
the electron counting rate, using a combination of object and image dis­
tances for a non-astigmatic focus as determined by the computer analysis. 
With the pulse height analyzer set to accept the conversion electron line, 
the electron counting rate was observed as one current was increased mono-
tonically while the second current was held constant. Then the iron cores 
were demagnetized, using a variac, to eliminate hysteresis effects. The 
process was repeated with the first current maintained constant at a value 
corresponding to maximum electron counting rate on the previous trial. 
The iteration was continued to a point of convergence. This iteration 
procedure was used repeatedly for many weeks and the iteration was begun 
at different points to show that the procedure would in fact converge and 
that the point of convergence was reproducible. 
The focusing currents determined experimentally for a given combi­
nation of object and image distances did not agree with those specified by 
computer analysis of electron trajectories based on the manufacturer's .. 
specifications for the magnets. Aside from the effect of any e'rror in 
these specifications, this disagreement was due to a difference in the 
definition of focusing currents. The experimental procedure of maximizing 
the counting rate attained a maximum flux of electrons over the area of 
the scintillation crystal. This result involved an interplay between 
conditions determining a non-astigmatic image and conditions determining 
the magnification of the image. Maximum transmission of electrons from 
source to detector was the criterion of importance for application to the 
directional correlation measurement, and the analysis of electron trajec­
tories was not pursued. For a given object distance, the maximum elec-
17 
tron counting rate was found to decrease monotonically with increasing 
image distance. This result is plotted in Figure 5* The choice of focus­
ing parameters had to "be a compromise "between small source-to-detector 
distance for high electron transmission and large source-to-detector dis­
tance to reduce the gamma ray intensity at the electron detector. 
Photographs of the distribution of electron intensity over the area 
of the scintillation crystal were taken for various combinations of object 
and image distances using photographic film packets designed for personnel 
1 1 3 
radiation monitoring. A two-millimeter-diameter Sn source was prepared 
with sufficient activity to give a good photographic image with one hour 
exposure time. The experimental data, together with the requirement for 
an object distance large enough to permit proper positioning of the gamma 
detector, led to the final choice of an object distance of k centimeters 
and an image distance of 25.6 centimeters measured from the respective 
faces of the lens. The total source-to-detector distance was 60 centi­
meters. The resulting electron distribution over the area of the scintil­
lation crystal was confined to a band about 0.5 centimeter wide. The 
remaining area of the scintillation crystal was masked with a thick, 
lucite-lined, lead shield to further eliminate gamma rays. 
The solid angle subtended by the beta detector depended in a com­
plicated way upon the possible electron trajectories through the magnetic 
lens. Although such a lens would focus rather widely divergent electrons 
moving precisely in the converging plane of the first quadrupole, this 
angle of divergence was in fact limited to less than 15 degrees by the 
inner diameter of the aluminum pipe forming the evacuated path through 
Figure Maximum Beta Counting Rate versus Source-to-Detector Distance. 
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the lens. The effective solid angle subtended "by the beta detector was 
determined by comparing the counting rate with that for a simple geometry. 
The effective source-to-detector distance for a 1.5 inch diameter scintil­
lation crystal was found to be about 23 centimeters. 
With the geometry of the electron focusing system fixed, a calibra­
tion plot of focusing currents in the two magnetic quadrupoles versus elec-
137 
tron energy was obtained by maximizing the counting rate using the Cs , 
113 203 
Sn , and Hg conversion electron sources. The energies of these con­
version lines covered the range of beta energies observed in the 0.^37 MeV 
12S 
beta group of Sb . This calibration plot is given in Figure 6 . The 
error bars represent probable error in reading the ammeters. The plot 
for each focusing current was found to be linear through the three points. 
The focusing currents were such that the magnetic field at the pole faces 
was in the range of 80 to 200 gauss. 
20 
Electron Energy KeV 
Figure 6 « Electron Energy versus Quadrupole Focusing Currents • 
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CHAPTER IV 
MEASUREMENT OF THE DIRECTIONAL CORRELATION 
125 
Sb was prepared at the Oak Ridge National Laboratory by means 
of the reaction Sn"^^ (n, 7 ) Sn"*"2^. Sn^"2^ decays by beta emission with 
125 125 
ten day half-life into Sb . The Sb was obtained as a chloride in 
hydrochloric acid solution, and a source was prepared by the evaporation 
procedure discussed in Chapter III. 
The gamma detector was necessarily positioned very close to the 
magnetic quadrupoles. A four-inch-long lucite light piper was inserted 
between the gamma scintillation crystal and the face of the photomulti-
plier tube to displace the photomultiplier tube from the highest magnetic 
field region. The tube was then magnetically shielded with a seven-inch-
long cylinder of mu-metal. The gamma detector was also shielded with 
lead against gamma rays scattered off the iron in the focusing magnets. 
With the gamma pulse height analyzer set to accept the O .176 MeV gamma 
125 
line in Sb and the gamma detector unshielded, this scattered radia­
tion was found to comprise about one-fourth of all gamma counts. Fur­
thermore, the counting rate for scattered radiation was anisotropic. A 
two-millimeter-thick lead sheet was used to form a cylindrical shield 
around the Nal crystal and a conical shield around the geometrical solid 
angle subtended by the Nal crystal. These shields removed the anisotropy 
in the gamma counting rate due to detection of low energy scattered radi­
ation. 
125 
The gamma spectrum of the Sb source, with the gamma detector 
shielded against scattered radiation, is given in Figure 7- This spec­
trum was obtained by scanning the energy range from zero to 0,700 MeV 
with a pulse height analyzer window width of about 0.010 MeV. This 
spectrum agrees closely with that obtained by Chandra and Pandharipande 
137 
(24) . Energy calibration was done with the 0.662 MeV gamma line of Cs ', 
1 1 3 203 
the 0-393 MeV gamma line of Sn , and the 0.279 MeV gamma line of Hg 
125 
The resolution of the 0.4-27 MeV gamma line in the Sb spectrum--defined 
as the full energy width of the line, at half maximum amplitude, divided 
by the energy of the line--was about 22 percent. The energy of gamma 
counts entering the slow coincidence circuit was selected by locating the 
center of a line on the gamma spectrum with a narrow pulse height ana­
lyzer window width and then widening the window about this center to ac­
cept most of the line. 
Although the magnetic lens acted as a low resolution beta ray spec­
trometer, the energy of beta counts entering the slow coincidence circuit 
was selected by the pulse height analyzer. The magnet currents required 
to focus beta rays of a given energy were determined from the calibration 
plot, Figure 6 . A pulse height analyzer window width of about 0.040 MeV 
was centered on the focused electron peak. This procedure resulted in 
the selection of beta rays of a given energy being independent of drifts 
in the electronic circuits. 
125 
The Sb source was centered with respect to the axis of rotation 
of the gamma detector by moving the axis of rotation to obtain less than 
0.5 percent deviation in the gamma counting rate in the 90 degree, 180 
degree, and 270 degree positions, with a narrow pulse height analyzer 
Pulse Height Analyzer Setting 
Figure 7» Gamma Ray Spectrum. 
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window width centered on the 0.600 MeV gamma peak. In all experiments, 
the coincidence counting rates in the 90 degree and 270 degree positions 
were compared as a check of instrumental asymmetries. The directional 
125 
correlation of the allowed 0.295 MeV beta group in Sb in coincidence 
with the 0.427 MeV gamma was measured as a final check of instrumental 
asymmetries. The results of this measurement are given in Table 1. The 
correlation was found to be isotropic. The gamma-gamma coincidence back­
ground was measured at beta pulse height analyzer settings over the range 
of beta energies. A 3/l6 inch thick lucite disc was inserted in the source 
end of the vacuum chamber to absorb all beta rays, and the focusing mag­
nets were demagnetized to avoid focusing any secondary electrons produced 
in the lucite. The average ratio of the real plus accidental gamma-gamma 
coincidence counting rate to the real beta-gamma coincidence counting rate 
was less than 0.3 percent for every experiment. Therefore, the gamma-
gamma coincidence background was considered negligible. 
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The directional correlation of the 0.437 MeV beta group in Sb 
in cascade with the O .I76 MeV gamma was measured at four beta energies 
between 0.250 MeV and 0.410 MeV. This energy range was limited at the 
low end by the presence of another beta group in coincidence with the 
O .176 MeV gamma. The accidental coincidence rate was measured periodi­
cally by inserting a 0.4 microsecond time delay in the beta channel. This 
accidental counting rate was checked by removing and shielding the gamma 
125 
detector from the Sb source and then introducing another source to 
the gamma detector so as to reproduce the original gamma counting rate. 
The reduction of experimental data to obtain the A Q coefficient is out­
lined in Appendix C. The correction for the geometrical solid angle sub-
25 
tended by the detectors is discussed in Appendix D. The results of the 
directional correlation measurements are tabulated in Table 2 and graphed 
in Figure 8. This graph shows individually the results of nine different 
experiments performed over a period of seven months to demonstrate the 
reproducibility of results. The error bars represent probable statistical 
errors. The coefficient for the directional correlation increases 
rapidly and monotonically with energy. The disagreement at the highest 
energy is probably statistical in nature. The low beta counting rate near 
the beta end-point energy necessitated a counting time of several weeks. 
The gamma spectrum in coincidence with the 0.437 MeV beta group 
was measured with the beta pulse height analyzer set to accept beta rays 
in the energy range 0.315 - 0.390 MeV. This spectrum is given in Fig­
ure 9» The gamma spectrum in coincidence with the 0.437 and 0.295 MeV 
beta groups was measured with the beta pulse height analyzer set to ac­
cept beta rays in the energy range 0.235 - 0.275 MeV. This spectrum is 
125 
given in Figure 10 . Both spectra agree with the Sb decay scheme given 
in Figure 1 . The beta energy range 0.235 - 0.275 MeV was that used to 
make the lowest beta energy measurement of the A^ coefficient. Figure 10 
suggests that some gamma counts corresponding to an energy of O.I76 MeV 
in the Compton distribution from the 0.427 and 0.462 MeV gamma transitions 
were observed in coincidence with beta counts in the energy range 0.235 -
0.275 MeV from the allowed O.295 MeV beta transition. It was estimated 
that these coincidences could possibly contribute up to eight percent of 
the area under the coincidence spectrum peak at gamma energy O.I76 MeV. 
These coincidences from an allowed beta transition would have an isotropic 
directional correlation with the result that the lowest beta energy mea­
surement of the A 0 coefficient could be too small by as much as 12 percent. 
Table 1 . Sb 5 Directional Correlation Data for the 0.295 MeV Beta Group and the 0.427 MeV Gamma 
Beta 
range 
energy 
, MeV 
Total real Ratio of real 
coincidences to accidental 
l80 degrees counting rates 
Total accid. 
coincidences 
Anisotropy Probable 
statistical 
error 
0.235 - 0.275 16,00C ' 3 2, 700 -0.002 0.012 
Table 125 2. Sb y Directional Correlation Data for the 0.437 MeV Beta Group and the O . I 7 6 MeV Gamma 
Beta 
range 
energy 
, MeV 
Total real 
coincidences 
180 degrees 
Ratio of real 
to accidental 
counting rates 
Total accid. Anisotropy 
coincidences 
A2 (un­
correc­
ted) 
A2 (cor­
rec­
ted) 
• Probable 
statistical 
error 
0.285 
- 0.325 l4 ,100 6 1, 000 0.210 0 .131 0.140 0.007 
0.235 - 0.275 28, 200 5.5 3, 900 0.128 0.082 0.088 0.005 
0.335 - 0.375 21, 800 5 2,500 O.278 0.170 0.182 0.005 
0.385 - 0.425 13, 300 2 7, 4oo O.369 0.219 0.235 0.008 
0.235 - 0.275 13, 700 5.5 1, 300 0.160 0.101 0.109 0.007 
0.385 - 0.425 14, 500 2 10,100 0.290 O . I 7 6 O .I89 0.007 
0.235 - 0.275 34, 300 5.5 3., 800 O . I 5 6 0.099 0.106 0.004 
0.335 - 0.375 21, 400 5 2,900 0.290 O . I 7 6 O .I89 0.005 
0.285 - 0.325 19,600 6 2, 600 0.187 0 . 1 1 7 0.126 0.005 
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CHAPTER V 
ANALYSIS OF THE BETA TRANSITION 
Analysis of the Intermediate State Spin 
The 0.^37 MeV beta transition in the decay of Sb involves a 
spin change of two units if the spin of the 0.321 MeV excited state in 
125 
Te is ll/2. In this case, the only operative nuclear matrix element 
of the beta decay interaction Hamiltonian is the B. . matrix element: the 
beta transition is said to be unique. The coefficient may be fac­
tored into two parts, one dependent on the beta transition and the other 
dependent on the gamma transition (see Appendix B). The beta factor may 
be calculated without ambiguity for this case. The gamma factor may be 
normalized out by arbitrarily matching experimental and theoretical values 
for the A^ coefficient at one beta energy. This matching may be achieved 
by adjusting the unknown gamma multipole mixing ratio. 
Figure 11 gives a graph of the theoretical A^ coefficient versus 
beta energy, assuming the intermediate state spin is ll/2, calculated 
from the formulas of Kotani (13) • The formulas of Morita and Morita (l7)J> 
using the electron functions of Bhalla and Rose (15), gave results negli­
gibly different from these. The theoretical A^ coefficient was adjusted 
arbitrarily to the experimental value, A^ = 0.1^0, at beta energy 0.305 
MeV. The experimental A^ coefficients are also plotted. The different 
experimental values at a given beta energy were averaged, each value being 
O . 2 £ R — 
0 . 2 0 H -
<D 
5 
CM 
0 . 1 0 
I 
J Experimental 
Theoretical 
for J X - l l / 2 
0 . 0 5 
1 0 0 2 0 0 3 0 0 
Beta Energy KeV 
U O O 
Figure 1 1 . Theoretical Directional Correlation A 2 Coefficient for J^-ll / 2 . 
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weighted by the total number of real coincidence counts in the 180 degree 
counting position. The error bar for the lowest beta energy measurement 
is extended to show the possible magnitude of the correction discussed at 
the end of Chapter IV. The experimental and theoretical coefficients 
are seen to have much different dependence on the beta energy. This dis-
125 
agreement indicates that the spin of the 0.321 MeV excited state in Te 
is not ll/2. 
If the intermediate state spin is 7/2, the 0.^37 MeV beta transi­
tion involves no spin change, and all six nuclear matrix elements listed 
in Table 3 may be operative. A meaningful analysis of the beta transition 
is rendered impossible by the presence of five independent, unknown, nu­
clear matrix element ratios. It will be assumed, in accord with Narcisi (25) 
and the evaluation of the Nuclear Data Group (26), that the O .176 MeV gamma 
transition indeed involves some Ml radiation, thereby eliminating the pos-
12S 
sibility of spin assignment 7/2. Then the 0.321 MeV excited state in Te 
must be a 9/2- state. 
Nuclear Model Predictions 
125 
The Te nucleus contains 52 protons and 73 neutrons. The shell 
model (18) for a single odd neutron predicts the three lowest states in 
Te having spins and parities l/2+, 3/2+, and ll/2-. However, this 
model does not predict a 9/2- state. Glendenning has calculated the low-
125 
lying even-parity states in Te from the intermediate coupling model (35)« 
The odd neutron is assumed to have available single particle states 3 s 
1 / 2 
and 2d and to be weakly coupled to collective surface vibrations of the 
3 / 2 
nuclear core. This theory predicts the l/2+ and 3/2+ states. No state is 
33 
predicted around 0.321 MeV. It is inferred, therefore, that the 0.321 
12S 
MeV state in Te is an odd-parity state. Rassey has calculated the 
energy states of a single neutron in the field of a strongly deformed 
nuclear core (36). These calculations differ from those of Mottelson and 
Nilsson (37) in that Rassey used the eigenvectors of a three-dimensional 
anisotropic (rather than isotropic) harmonic oscillator as basis vectors. 
Narcisi extrapolated Rassey's results to a deformation parameter of 0.06, 
12S 
determined from the electric quadrupole moment of Te , and found that 
this theory predicts odd-parity levels of spin 7/2, 9/2, and ll/2 (25). 
No one of the common nuclear models gives a full description of the low-
125 
lying excited states in Te 
Analysis of the Nuclear Matrix Elements 
The theoretical treatment of the beta-gamma directional correlation 
is outlined in Appendix B for a beta transition involving one unit of nu­
clear spin change. The formulas contain three independent nuclear matrix 
element parameters T, x, and u, and the gamma multipole mixing ratio 6, 
defined in Appendix B. The ratio of the directional correlation A^ coef­
ficients at two different beta energies is independent of the mixing ratio 
5. If the ratio A^(\i^) / A^(¥^) and the parameters T and x are treated as 
independent variables, one obtains a fourth-order equation in parameter u 
which may be solved algebraically. If the A^ coefficient at one beta 
energy and the three parameters T, x, and u are treated as independent 
variables, one obtains a quadratic equation in the mixing ratio 5. 
No a priori knowledge of the parameters x and u exists. Using the 
single particle model of an odd mass number nucleus having uniform particle 
34 
density, Ahrens and Feenberg (38) have calculated an estimate of the para­
meter T given "by the expression 
A J . / 3 
T = 1 + (W 0 - 2 . 5 ) | . 
Here A and Z are the mass number and atomic number, respectively, of the 
nucleus, and W Q is the "beta transition total end-point energy in units of 
electron rest energy mc 2. Fujita (43) and Eichler (44) have obtained esti­
mates for T based on the conserved vector current theory of the beta de­
cay interaction. Their conclusions may be represented as 
A L / 3 
T = 2.4 + (WQ - 2 . 5 ) | 
125 
For the 0.437 MeV beta transition in Sb , 
A 1 / 3 
(W Q - 2 . 5 ) | = - 0.06, 
The solution for the fourth-order equation in parameter u was pro­
grammed for the Burroughs B5500 computer at the Rich Electronic Computer 
Center using the formulas of both Kotani (13) and Morita and Morita (17) 
for the A 2 coefficient. The ratio of the A^ coefficients at beta energies 
O.368 MeV and 0.287 MeV, corresponding to normalized beta momenta of 1.4 
and 1.2, respectively, was taken from a straight line drawn between these 
energies to best fit the experimental points of Figure 1 1 . A greater 
35 
ratio and a lesser ratio, determined by consideration of the experimental 
error limits, were also used in separate computer calculations. The 
parameter T was varied from zero to five in steps of one-half and the para­
meter x was varied from minus ten to plus ten in steps of unity. Interest­
ing regions of the xT plane determined from these calculations were sub­
sequently investigated with a finer grid for the independent variables x 
and T. For each solution for parameter u, the quadratic equation in the 
mixing ratio 6 was solved using an experimental value for the coeffi­
cient at beta energy O.287 MeV. 
Results of the computer calculations are graphed in the three parts 
of Figure 12 . All combinations of x and T which were investigated gave 
two real solutions for u. Only one solution for u, at most, gave real 
solutions for the mixing ratio. The three parts of Figure 12 show regions 
of the xT plane in which real solutions for the mixing ratio were obtained. 
The graphs represent solutions obtained using the formulas of Morita and 
Morita (17) and the electron functions of Bhalla and Rose (15 ) ' The be­
havior of parameter u is indicated by the slope of the cross-hatching 
as specified in the key of each graph. Region C contains negative values 
of both u and 6; Regions A and B contain positive values of both u and 5. 
Solutions for parameter u using the formulas of Kotani (13) gave regions 
in the xT plane having real solutions for the mixing ratio very similar 
in appearance to those graphed in Figure 12 . In general, Region B is. 
displaced upward in the T direction by about 0.4, and Region C is wider 
and extends to larger negative values of x. Both parameters x and u are 
bounded away from zero; so the nuclear matrix elements Ja X r~ and Jr 
make an appreciable contribution to the beta decay transition. The para-
3 
Region A 
L 
Region B 
A 2(0 .287) - 0.112 
A 2(0.368)/A 2(0.287) - 1.786 
mm 
-10.0 < u < -1.0 
-1.0 < u < -0.1 
0.1 < u < 1.0 
1.0 < u < 10.0 
10.0 < u 
I L 
-3 -2 - 1 
Figure 12a. Nuclear Matrix Element Parameters Consistent with the Experimental A 2 Coefficient. 
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Region C 
Region A 
Region B A2(0.368)/A2(0.287) * 1.559 
-10.0 < u < -1 .0 
-1.0 < u < -0 .1 
0.1 < u < 1.0 
1.0 < u < 10.0 
10.0 < u WE 
-3 - 2 - 1 
Figure 12b. Nuclear Matrix Element Parameters Consistent with the Experimental A 2 Coefficient, 
T 
X 
Figure 12c, Nuclear Matrix Element Parameters Consistent with the Experimental A 2 Coefficient. 
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meter T is seen to have a forbidden range extending from about 0.6 to 1 .6 . 
Possible solutions for T exist which are compatible with the approximate 
value predicted by Fujita (43) but not with that predicted by Ahrens and 
Feenberg (38) ' 
The pair of solutions to the quadratic equation in the mixing ratio 
5 consisted in general of one solution representing a predominantly Ml 
gamma transition and the other solution representing a predominantly E2 
gamma transition. A predominantly Ml transition would be expected on the 
basis of the single particle model. A predominantly E2 transition would 
indicate strong collective nuclear motion. 
The beta energy dependence of the A^ coefficient was calculated in 
a second computer program using about one hundred sets of independent 
variables T, x, u, and 5, corresponding to points over the entire range 
of solutions in the graphs of Figure 1 2 . No significant difference in 
the energy dependence of the A^ coefficient was found among these various 
sets of variables. A few representative curves of these calculations of 
the A^ coefficient versus beta energy are given in Figure 13, superimposed 
upon the experimental data points. 
The second computer program also calculated the ratio of the beta 
energy spectrum shape correction factors at beta energies 0.410 MeV and 
0.287 MeV. These results are represented by contour lines in the xT plane 
of Figure l4. The corresponding shape factor ratio for a unique beta 
transition is 1.48. It appears that an accurate measurement of this shape 
factor ratio could decide for or against Region A which involves a range 
of parameter T smaller than that predicted by any theory. 
0.25 
Figure Ratio of the Shape Correction Factors at Beta Energies O.UlO IfeV and 0.287 MeV. 
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CHAPTER VI 
RECOMMENDATIONS FOR FUTURE RESEARCH 
125 
Much information about the excited energy states of Te which 
125 
are populated by the beta decay of Sb remains to be established. Nar-
cisi alone has attempted a systematic investigation of the spin and parity 
125 
of the Te states above 0.462 MeV. Furthermore, conclusive elimination 
of the possibility of a spin assignment of 7/2 for the 0.321 MeV state 
requires more reliable information about the multipole mixing of the 
O .176 MeV gamma ray. Determination of this mixing ratio by a gamma-gamma 
angular correlation would be difficult because of the complicated decay 
125 
scheme of Sb and the unknown nature of the other gamma rays in coinci­
dence with the O . I76 MeV gamma ray. Measurement of the ratio of the con­
version coefficients for the and L-J-J-J- subshells would permit an accu­
rate determination of this mixing ratio with the subsequent possibility 
of more severe limitations on the relative magnitudes of the nuclear ma­
trix elements operative in the 0.437 MeV beta transition. 
The magnetic quadrupole lens used to focus beta rays in this ex­
periment is useful for any beta-gamma angular correlation study where a 
gamma-gamma coincidence background tends to obscure the true correlation. 
The electronic circuits used in this experiment are sufficiently stable 
that real coincidence counting rates of only a few counts per minute are 
tolerable. Two modifications of the equipment are suggested for future 
applications: 
4 3 
1. The energy resolution could "be greatly improved "by using solid-
state detectors. This would make it possible to select from complicated 
decay schemes more beta-gamma and conversion electron-gamma coincidences 
for the purpose of determining nuclear spins and parities, gamma multipole 
orders, and the relative magnitudes of nuclear matrix elements of the beta 
decay interaction Hamiltonian. 
2. Additional gamma detectors, with their associated electronics, 
could be positioned about the radioactive source to measure coincidence 
rates simultaneously at all angles necessary to determine an angular cor­
relation. This would make it possible to study short-lived nuclides created 
by neutron capture. 
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APPENDIX A 
FOCAL LENGTHS AND PRINCIPAL PLANES 
OF A MAGNETIC QUADRUPOLE 
The analysis of focusing parameters is adapted from Weidemann (32). 
Reference is made to Figure 1 5 illustrating the focusing geometry. 
Consider an electron incident along a line parallel to the z axis 
through the center of the quadrupole. The force on the electron is given 
by 
_ — dp dv 
_ e v x B = — = mg — , 
where v and p are the velocity and momentum, respectively, of an electron 
of mass m and charge -e, B is the magnetic field, and 
I 
6 = (1 - ~ ) • 
c 
Motion in the Divergent xz Plane 
dv 
-e(-v B ) = mg -TT • 
v
 z Y dt 
S B V 
B (x) = B ( 0 ) + x -^2.\ , where B ( 0 ) = B ( 0 ) = 0 
y y o x o y x 
Figure 13>. Electron Trajectories in a Magnetic Quadrupole. 
k8 
A necessary focusing condition is that = — = a constant at every y _ _x 
y^ 
point in the magnetic field. This focusing condition requires that the 
shape of the magnetic pole faces be a hyperbola of infinite extent; but 
it is approximated in the region about the z axis by a circular shape. 
d 2x
 2 d.2x ev c3By 
= v = — - X • 
dt 2 z dz 2 mg dx 
d 2x
 vz ^ ^ e ^By 
— - - K x = 0 , where K = — 
dz mv zg ox 
The following boundary conditions are imposed upon the solution: 
dz 1 
z=o 
x| = x D . 
1
 z=o u 
Then x = x Q cosh Kz. 
The focal length F and the location of the principal plane relative to 
the face of the lens are obtained from the relation 
dx. _ _ X o _ x 0 cosh KL - x 0 
^ 1 - K^o sinh KL - — - -
z=L 
i = K sinh KL 
F 
1
 =
 K sinh KL 
D cosh KL - 1 
The object distance P and the image distance Q are related through the 
lens formula + ~ h • a n |l the magnification is the ratio of image d 
tance to object distance. 
Motion in the Convergent yz Plane 
dv 
-e(v zB x) = m g - ^ . 
y = y 0 cos Kz 
i = K sin KL 
F 
1
 =
 K sin KL 
D _ 1 - cos KL 
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APPENDIX B 
OUTLINE OF THE THEORETICAL FORMALISM 
The outline of the theory is adapted from Preston (ll), Kotani (13)> 
and Morita and Morita (17)» 
The Beta Decay Transition 
1 2 5 
The Sb beta decay transition involves the transformation of a 
neutron inside the atomic nucleus into a proton with the simultaneous 
emission of a negative electron and an anti-neutrino. Since the beta decay 
interaction is weak compared to electromagnetic and nucleon-nucleon inter­
actions, this transformation may be treated by the techniques of first-
order time-dependent perturbation theory. The beta decay transition 
probability per unit time is given by 
^ H ( F | H | I ) | £ P ( E ) , 
where p..(E) is the phase space density of final quantum states available 
to the electron and neutrino, and (f|H|i) is the matrix element of the 
beta decay interaction Hamiltonian between state vectors representing 
the initial and final states of the physical system. The number of tran­
sitions per unit time with electron momentum between p and p + dp is 
given by 
H ( P ) D P = ^ F | ( F | H | L ) | 2 ( J I G ) * ^ I E > 2 P 2 D P . 
52 
E is the total electron energy, and E 0 is the total energy difference 
"between initial and final nuclear states. It is customary to express 
electron energy in terms of m c 2 and electron momentum in terms of mc. 
E 
We make the substitutions W = — ^ and p = -E_ such that W 2 = P 2 + 1. 
mc mc 
Furthermore, the energy distribution, N(W)dW, must be multiplied by the 
Fermi function F(Z, W) which corrects for the effect of the nuclear Coulomb 
force acting on the emitted electron. 
N(W) dW = 2 * 1 (f | H | i) I 2 j~ (W 0 - W ) 2 P W F(Z, W) dW. 
Non-conservation of parity in the beta decay interaction implies 
that the matrix element of the beta decay interaction Hamiltonian may be 
either a scalar or a pseudoscalar quantity. Invariance of the matrix 
element under a Lorentz transformation of coordinates implies that the 
matrix element may be formed as the inner product of a nuclear matrix 
element and a lepton matrix element of the same tensor rank identified by 
their transformation properties as either scalar, pseudoscalar, vector, 
pseudovector, or second-rank tensor quantities. The formulation of the 
matrix element is discussed in detail by Preston (ll). The nuclear matrix 
element is limited experimentally to be either a vector or a pseudovector 
quantity. The different terms of the nuclear matrix element impose dif­
ferent selection rules on the change in angular momentum and parity be­
tween the initial and final nuclear states. A given beta decay transition 
is classified according to the selection rules imposed by the nuclear ma­
trix elements which are operative for that transition. The allowed and 
5 3 
first-forbidden classifications are given in Table 3 along with the sym­
bolic representation of the nuclear matrix elements which give the main 
contribution. 
Table 3« Beta Decay Transitions 
Transition 
Classification 
Selection Rules Nuclear 
Matrix Elements 
Allowed AJ = 0, ± 1 1 , a 
^ A F = + 1 
First-forbidden A J = 0, ± 1 , ± 2 
n . A F = - 1 a x r , a , r, 
J BiO 
The energy spectrum of the emitted electron is analyzed through the 
relationship 
N(W) 
P W F(Z, W) 
\ I 
1 
2 2 
= const (W 0 - W) C(W) 
A plot of the left-hand-side versus electron energy W is called a 
Fermi plot. C(W) is the shape correction factor required to make the plot 
a straight line. The intercept of this line with the abscissa gives the 
beta decay end-point energy W 0. For allowed transitions, the matrix ele-
5 4 
ment of the "beta decay interaction Hamiltonian is strictly independent of 
electron energy and C(W) is unity. A forbidden transition for which C(w) 
is actually independent of W is said to have an allowed shape. 
The decay constant for the beta decay transition is given by 
In 2 
t N(W) dW, 
where t is the half-life of the transition. The quantity log-^ft is taken 
as an index of the magnitude of the nuclear matrix elements that govern 
the transition, where f is defined as 
- W ) 2 P W F(Z, W) C(W) dW . 
The magnitudes of log ^ft fall roughly into groups corresponding to the 
forbiddenness of the transition as determined by the selection rules im­
posed by the nuclear matrix elements. 
The Beta-Gamma Directional Correlation 
Four of the first-forbidden beta decay nuclear matrix elements 
listed in Table 3 are operative for a spin change of one unit between 
initial and final nuclear states connected by the beta transition. These 
are J a x r , J o e > J r , and J The matrix element J d may be 
expressed in terms of f r through the nuclear matrix element parameter T 
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defined by Ahrens and Feenberg (.38). 
T M r = - i I A 
Here £ = AZ/2R, where R and Z represent the radius and atomic number, re­
spectively, of the daughter nucleus, and a is the fine structure constant. 
All observables other than the log ^ft value depend only on ratios of the 
several nuclear matrix elements. It is convenient to express the other 
matrix elements in terms of the matrix element B. .. We define two other 
J U 
independent nuclear matrix element parameters, x and u, in notation adapted 
from Kotani (13) • 
I / o x r 
u = — 
B. . 
A I B . . 
C v / c is the ratio of vector to pseudovector coupling constants which de-
termine the strength of the beta decay interaction. 
A first-forbidden beta-gamma directional correlation N(S) is con­
ventionally expressed as 
N(0) - 1. + A 2 P 2(cos 6), 
5 6 
where P^cos 8) is the second-order Legendre polynomial. The formulas of 
Morita and Morita (17) result in the following expression for the coef­
ficient: 
For a gamma transition containing a mixture of Ml and E2 radiations, the 
gamma factor is given "by 
where the angular correlation coefficients F 2(L,L J 2, J±) are combinations 
of Clebsch - Gordon coefficients and Racah coefficients which are tabu­
lated by Siegbahn (l). The gamma multipole mixing ratio o is the ratio 
of the reduced matrix element for an E2 gamma transition to that for an 
Ml gamma transition. J 0, J1-? and J 2 are the spins of the initial, inter­
mediate, and final nuclear states, respectively. The index K or K ' re­
presents the spherical tensor rank of the operative nuclear matrix ele­
ments and may assume values of 0, 1, or 2 for a first-forbidden beta tran­
sition. The parameters b ^ • depend on the electron energy W and momentum 
P, on the neutrino momentum K, and on the nuclear matrix element para­
meters T, x, and. u. For a first-forbidden beta transition where | J Q - Ji | 
= 1, the index X is limited to be either 1 or 2, and the parameters b ^ . 
are as follows ( 1 7 ) : 
^ - ( 0 ) W ( J X , J ^ V X ^ O , J O ) G ~ T 7 7 ' 
Gg(y)
 =
 F2(l,l, J 2, J x) + 25 F g(l,2,J g, f 5 2 F 2(2,2,J g, J±) 
G O T T T 1 + 5 2 
= x 2 ( i K 2Si - | KS 3 + 2S 2 4- s 4 
+ t>2<^2S1 - -| ^ TKSi + 2£TS 3) 
+ u 2 ( ^ K 2S! + | KS 3 + i S 2 + S 4) 
+ 2xu(i £TKSi + £TS 3 - S 2 + S 4) 
b 2 2 ( 0 ) = K 2 S ! + 3S 2) 
bi*(£i = 2x 2 ( i KS5 - i S 2 - S 6 - £TS5) 
+ u 2 ( i KS5 - I S 2 + S 6) 
+ xu(£TS5 - KS5 + S 2 - S 6 ) 
b l | ( 2 ) = x(3^TS 5 - KS5 - 3 S 2 + 3S 6) 
+ u(KS 5 + | S 2 + 3S 6) 
b 2 2(2) = - S. 
The parameters Si through Se are dependent on wave functions representing 
the emitted "beta ray. They are given explicitly "by Morita and Morita, de­
noted as L Q , L 1 } ~N0, M Q , L i 2, and Ni 2, respectively (17). These para­
meters depend on the electron functions tabulated by Ehalla and Rose who 
made exact numerical solutions of the Dirac equation for a nuclear charge 
distribution of finite extent (I5)« Also given explicitly are the approxi 
mate expressions for Si through S 6 in the limit that (aZ) 2« 1. This ap-
proximation is used to obtain the formulas of Kotani with his parameters 
X equated to unity (13) • 
The beta energy spectrum shape correction factor C(W) is given by 
C(W) = J±UM + , 
•s/3 NT5 
or 
C(W) = - >/l0 E b \ \ ' ( ° ) w ( J i ; J i A A\;0,,T o). 
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APPENDIX C 
ANALYSIS OF EXPERIMENTAL DATA 
The largest correction required in the analysis of the. beta-gamma, 
coincidence data was the subtraction of accidental coincidences due tc 
the finite resolving time of the coincidence circuit. The resolving time 
was determined by measuring the accidental coincidence counting rate by 
inserting a 0.4 microsecond time delay in the beta channel. This method 
of determining the resolving time was checked by the two-source technique. 
125 
The gamma detector was removed and shielded from the 3b source. Then 
125 
a separate Sb source was used to reproduce the observed gamma counting 
rate in the gamma detector, and the accidental coincidence counting rate 
was again measured. These two sources had no real coincidences. There­
fore, this technique gave the correct measurement of the resolving time. 
Furthermore, the beta channel and the gamma channel were each operating 
at the same rate and under the same conditions as in the actual experi­
ment. 
A correction must be made, in general, for the gamma-gamma coin­
cidence background. The magnetic quadrupole lens was used in this ex­
periment to eliminate the need for this correction. The gamma-gamma 
coincidence background was measured, as discussed in Chapter IV, and was 
found to be negligible. Neither was any correction required for the decay 
of the radioactive source because all counting times were short compared 
125 
to the 2.7 year half-life of Sb . 
Table k gives experimental data for the directional correlation of 
beta rays in the energy range 0.235 - 0.275 MeV and the O.I76 MeV gamma 
ray. The analysis of these data to obtain one Ap coefficient, plotted on 
the graph of Figure 8 is outlined. The following notation is established 
for explanation of the analysis in six steps: 
Ni and N 2 represent the beta and gamma counting rates, respectively 
when counting real plus accidental coincidences. 
C represents the measured real plus accidental coincidence count 
r+a * * 
ing rate. 
Ni ' and N 2 ' represent the beta and gamma counting rates, respec­
tively, when, counting accidental coincidences. 
0 ' represents the measured accidental coincidence counting rate., 
represents a calculated accidental coincidence counting rate, 
represents a calculated real coincidence counting rate. 
1. The coincidence circuit resolving time T is calculated for each 
run measuring the accidental coincidence counting rate. 
1 c a -
T 
2
 Ni % 
These calculations are averaged over several runs to yield T 
2. The accidental coincidence counting rate is calculated fc 
a 
each run measuring the real plus accidental, coincidence counting rate C 
+a 
C - 2 N!N 2 T 
a 
Table 4. Analysis of Data for the Directional Correlation of Beta Rays in the Energy Range 
0.235 - 0.275 MeV and the O.I76 MeV Gamma 
Angle Counting Total Beta Gamma Beta- Accid. Resolving Accid. Real Norm. 
6 Time Coinc. Count Count Gamma Coinc. Time Coinc. Coinc. Real 
Hours X I0 3 X 10 5 Product Nanosec. Coinc. 
C 
r+a 
Ni N 2 NiNp C ' x
 a 
T C 
a 
C 
r 
C r/N!N 2 
90 2 1825 648 343 2223 325 1500 6748 
90 2 650 343 2230 310 50 
180 2 2039 623 348 2168 317 1722 7943 
270 2 1824 623 343 2137 312 1512 7075 
180 4 204l 618 348 2150 314 1727 8028 
90 2 172k 643 344 2212 323 1401 6334 
180 2 2007 624 349 2178 318 1689 7755 
180 2 624 349 2178 331 55 
270 2 1835 625 344 2150 314 1521 7074 
90 2 Yjkk 625 344 2150 314 1430 6651 
180 2 2008 618 349 2157 315 1693 7849 
270 4 1748 616 344 2121 310 1438 6777 
180 2 1972 637 349 2223 325 1647 7409 
180 k 620 349 2163 318 53 
180 k 2040 618 349 2155 315 1725 8002 
90 2 1774 619 344 2129 311 1463 6872 
63016 
= 1.160 0.l60 0.1013 
A 2 . 
,109 11
 - 5V30O7 Ap ~ I.580 ~ A^( c o n •ected) = 0-935 
3. The real coincidence counting rate is calculated for each 
run measuring the real plus accidental coincidence counting rate C 
R-J-A 
C = C - C 
r r+a a 
k . Each real coincidence counting rate C is normalized to the 
product N!N 2 of the "beta and gamma counting rates. This normalization 
makes a first-order correction for small error in source centering and 
small drifts in the electronic circuits which affect the counting rates. 
5« The anisotropy is defined as TJ - 1, where 
/ c r \ 
NTN 1«2 
.180 1^2 / 90, 2 7 0 
Here (C^/NIN2)^QQ denotes data taken at the 1 8 0 degree counting position 
and ( C ^ / N i N s ) 2 7 0 ^ e n o ^ e s ^ e average of data taken at the 9 0 degree 
and 2 7 0 degree counting positions. 
6. The beta-gamma directional correlation N(0) is expressed A S 
N(e) = 1 + A 2 P 2(cos 0) 
The coefficient is calculated from T) as 
A 9 = 
2
 l
 + § 
6k 
The value of the coefficient calculated here represents the true 
coefficient averaged over the solid angles subtended by the two detectors. 
A solid angle correction was made, as discussed in Appendix D, to obtain 
the value A~/ , ,w This value is plotted in Figure 8. The statis-2(corrected; * ° 
tical standard deviation in any large number of counts was assumed tc be 
the square root of that number, and the probable statistical error accumu­
lated in the calculation of the A^ coefficient was obtained by the pro­
cedure derived by Beers (39)» 
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APPENDIX D 
ANGULAR RESOLUTION CORRECTION 
The directional correlation N ( 0 ) for two coincident radiations is 
expressed theoretically as the sum of a finite series of Legendre poly­
nomials (l). 
N(9) = Y c P (cos e) . 
K
 ' n n v 
n 
The experimental coincidence counting rate is proportional to N ( 0 ) only 
in the limiting case of a centered point source and point detectors. We 
assume that a centered point source is well approximated in the labora­
tory and proceed to discuss the correction for the finite solid, angles 
subtended at the source by the two detectors. Reference is made to Fig­
ure l6 illustrating the detector geometry. The detectors are scintilla­
tion crystals in the form of right circular cylinders. The source is 
positioned at the intersection of the axes of the cylinders. 
The theoretical probability per unit time of two coincident radia­
tions being detected simultaneously in differential solid angles dp^ and 
<±Q2 at a relative angle 0 is proportional to N(0)dfi1d^2» The coincidence 
counting rate for two detectors positioned with their axes at a relative 
angle 0 is proportional to 
|J*N(0') F.(OTI) e(a 2) do^do^ , 
Beta 
Detector 
Gamma 
Detector 
Figure 16. Oeometry for Angular Resolution Correction. 
6 8 
where the integration proceeds over the solid angles subtended by the two 
detectors. The angle between the two coincident radiations is 6', and 
e(ot) represents the detector counting efficiency for a radiation incident 
at an angle a relative to the axis of the detector. Then the measured 
directional correlation N (G) is given by 
m J 
N (0) = 
Rose has shown that the form of the directional correlation is unchanged, 
by the solid angle correction, but each Legendre polynomial, coefficient 
c^ is multiplied by-a product of attenuation factors, Q n(l)Q n(2), where 
Q n(i) is due to the finite size of detector i (40). is given by , 
O 
where 
^"^max 
j = I P (cosa) e(a) sina da 
n / n s / \ / 
•^ o 
For the beta scintillation detector, e(cc) is approximately unity. 
Then 
Q_ = i cosa (l + cos a ) . 2 2 max • max' 
The effective solid angle subtended by the beta detector was determined by 
comparing the counting rate with that for a simple geometry, as discussed 
in Chapter III, with the result that = 0.995* 
For the gamma scintillation detector, Rose has used the approxima-
69 
tion that any gamma ray which interacts with the crystal is counted In 
the total absorption peak (photopeak) (40). Then 
e(a) = 1 - exp(- T X ) , 
where T is the linear absorption coefficient for a gamma ray traversing 
thickness x of the crystal. Stanford and Rivers have calculated values 
of Q,^  based on this approximation (4l). Yates has limited. e(cc) to be the 
actual photopeak efficiency, using Monte Carlo calculations to obtain 
Q,£ (42). The curves of either Yates or Stanford and Rivers give a value 
of 0.94 for Q,^  for O.I76 MeV gamma rays incident upon a 1-1/2 inch dia­
meter by one inch thick Nal(Tl) crystal six centimeters from the source. 
The corrected coefficients listed in Table 2 were obtained by dividing 
the experimentally determined k 0 coefficients by 
Q 2(1)Q 2(2) = 0.935. 
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